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A broad-band array of aperture-coupled cavity-backed slot (CBS) elements was
designed, constructed and tested. The antenna array design incorporated two
major departures from previous CBS arrays: aperture coupling, and 'half-width
cavities. Expiremental results demonstrated these departures enhance the po-
tential for larger operating bandwidths using less physical space than pre-
vious arrays of CBS elements, Computer simulation and test results also in-
dicated that the antenna array was not hindered by the presence of a large
structural stopband such as was observed in all previous CBS arrays. Con-
sequently, modulation of the antenna feedline impedance was not required for
satisfactory performance. Antenna patterns for the array were similar over the
frequency range 1,75 - 3.5 GHz,
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CHAPTER 1
INTRODUCTION

In recent years, there has been a burgeoning interest in low-profile,
wide-band antennas. Low-profile antennas have numerous applications, espe-
cially for missiles and aircraft, because only these antennas can be con-
formally mounted. The most popular types of thin antennas are the microstrip
patch and the cavity-backed slot (CBS). Much research has been done on
both types, but the project reported herein involves only CBS antennas.
The main objective of this research is to extend the operating bandwidth of

a log-periodic (LP) array of thin CBS elements.

Research on CBS antennas dates back more than thirty years. Mayes
provides a good summary of early research and recent progress in developing

low~profile, wide-band CBS antennas in his report Very Wide Band Antennas

for Missile Fuze Applications [l]. One problem encountered in early

attempts to design log-periodic arrays of CBS elements was the structural
stopband which occurs in a periodic array of such elements. 1In this band
of frequencies there is no propagation down the feedline. When a corre-
sponding region of attenuation occurs between the feedpoint and the active
region of a log-periodic cavity-~backed slot (LPCBS) array, the wave
launched at the input is mostly reflected before it reaches the active
(radiating) region. The structural stopband is caused by additive reflec-
tions from discontinuities presented by the slots. Ingerson and Mayes [2]
found that modulating the feedline impedance was an effective way of elimi-
nating the stopband. Building on their work, Ostertag [3] designed an
LPCBS array using smaller cavity depths and obtained a 50 Q mean impedance

through use of a computer-synthesized modulated impedance feedline. More




recently Tammen's research (4] focused on eliminating the structural stop-
bands associated with many LP antennas by combining CBS and monopole ele-
ments. Finally, Szmurlo [5] concentrated on increasing the bandwidth of an
LPCBS array while using very thin cavities of constant depth and optimizing
the design of the modulated impedance feedline. The bandwidth achievable
by antennas of his design is limited because of the immense amount of space

they require.

The goals of this research were to design and build an LPCBS antenna
which has a larger operating bandwidth, uses less 'real estate’, and oper-
ates at much higher frequencies with a larger power gain than previous
LPCBS arrays. Achieving these goals requires taking several large steps
forward from the work done by Szmurlo. First, in an effort to reduce
losses, the antenna was designed to have air-filled cavities rather than
Rexolite~filled ones. Second, the cavities were to be excited by aperture
coupling, that is, energy would be coupled into the cavity through an aper-
ture in the bottom of the cavity rather than through the radiating slot in
the top of the cavity. Third, a new theory would be applied that allowed
each elemental cavity to be built only half as wide as Szmurlo's elemental
cavities. This theory and application will be discussed in more detail in
Chapter 2. Finally, it was desired that this new antenna would operate at
higher frequencies than any previous LPCBS. The high frequency testing of
the new antenna led to previously unseen problems, as wili be pointed out

in Chapter 4.




CHAPTER 2
ANTENNA DESIGN AND CONSTRUCTION

Before constructing an LP array of CBS antennas that introduced

several new departures

test several prototype elements. From the testing of these prototypes, the

scaling factor (1) and many other useful design criteria used in the LP

array were determined.

This chapter will

types.

The testing of

teria will be discussed in detail in Chapters 3 and 4.

2.1 Szmurlo's Antenna

Since this research was, in many ways, a continuation of Szmurlo's, it

is useful to have a more detailed understanding of his antenna.

tion from his thesis follows.

The antenna was constructed from a 1/8-inch sheet of
Rexolite 2200. An aluminum sheet (also 1/8 inch) was used
a: backing for the Rexolite to provide support and to pro-
vide threaded holes for the screws. The brass screws that
form the vertical cavity walls were approximately 1/2 inch
apart for the four largest cavities and about 3/8 inch apart
for the remainder. These spacings had been determined ade-
quate to make the S—parameters of an isolated cavity-backed
slot with screw walls agree very well with those of one with
solid walls. Copper cladding forms the top and bottom
walls. A slot was cut into the top cavity wall by removing
the copper cladding to allow the cavity to radiate when
excited. A drawing of the cavities formed on the Rexolite
is shown in Figure 1.

To excite the cavities, a microstrip feed is passed over the
slot of each cavity. It was found that for symmetrical pat-
terns, the slot should be fed from the center. The feedline
was constructed on a 1/16~inch sheet of Rexolite 2200. The

characteristic impedance of the feedline was trimmed to 50 ohm

from the previous case, it was considered prudent to

focus on the design and construction of these proto-

these prototypes and the selection of design cri-

A descrip-
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by observing its response when tested with a TDR. After
using the TDR, ihe copper ground plane of the feed was cut
away where it would lay over the cavity slot. Good contact
between the ground plane and the cavity top wall must be
maintained, particularly in the vicinity of the slot, or
antenna performance will degrade.

A type N female bulkhead connector is present at both ends
of the feed. This allows for the measurement of reflection
and transmission coefficients of the antenna [5].

The antenna built by Szmurlo operated from 975 to 1325 MHz.

2.2 Cavity Design

As mentioned previously, the antenna was designed utilizing a theory
that allowed each elemental cavity to be built half as wide as elemental
cavities in previous CBS antennas. This theory was first proposed by
Tanner [6]. The basis for the bisection of the cavity can be seen by first
analyzing a closed cavity which is very thin (as compared to a wavelength)

in the z direction as shown in Figure 2,

Figure 2. Closed cavity, d << aA.




For the transverse magnetic (TM) case, the time-harmonic (eJWt time

dependence suppressed) fields inside this cavity can be written as:

- mTX on ATY

E, = Epnp SIn =5 sin 3 (7] (2.1)

H = —Ju)E EmnE nnw i (mwx‘ nny 7

x " TarZT ara b sin (F) eos (FF) (7] (2.2)
2 &)

H - ju)E: Emnp mw (mﬂ'x . m 7 2
mmy2 nny2 a °°f% —Z*) sin b ) [7] (2.3)

YOG )

where the z dependence has been dropped because of the thinness in the
z direction. Substituting the equation for Ez into the Helmholtz equation,

(V2 + BZ) Ez = 0, yields the dispersion relation

2 2 2
W HE T (EEE) * (E%X) (2.4)

Solving this equation for w yields

o = = [N+ (317 (2.42)
which is the resonant frequency of the mn mode of this cavity. One can

also note from the field equation Ez (with m = n = 1) that as x is held
constant and y is varied, Ez reaches a maximum at y = b/2. Furthermore, at
y = b/2, Hx = 0 for the TMLIO mode. Thus, an H wall (a surface along which
HTAN = 0) can be inserted in the plane (x, b/2, z) without interfering with
the fields of the cavity. (Note: in most previous rectangular CBS anten-
nas, the radiating slot was placed along the line (x, b/2, d)). A top view

of this cavity with the H wall inserted would look like Figure 3.
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Figure 3. Top view of cavity wicth H wall.

Next, consider a cavity that has a top view much like half of the
cavity in Figure 3. ?ictorially, a top view of this cavity would look like

Figure 4 below.

$
|
le— H Wagll
£ wall—e :

!
{

i

z b/2 5

Figure 4. Top view of modified cavity.
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One three-dimensional realization of this cavity is shown in Figure 5.

“Z
/x
—»{ l@—h/s

e

e

Stot in Cavity Top

<?

b/2

Figure 5. Modified cavity with slot.

To determine the field equations of this modified cavity, begin with the

phasor form of Maxwell's equation
-VxzE i 2.5
2B, =3 wu (2.5)

or, using rectangular coordinates and writing the curl as a determinant

yields
X y z
- .a— —a-_ a— = 3 &
3x dy oz Juu, H (2.6)
0 0 E
Z
(A 3Ez . QEZ >
E X —— - = 3
3 Y 5 ) Jou H (2.7)
Therefore Hl L T 2
erefore jwuo y ™ X 3y (2.8)
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To find Ez’ use the Helmholtz equation.
2 2
+ =
(v w uel E, =0 (2.9)
This equation admits solutions of the form
sin B x sin Byy
Ez = E (8] (2.10)
cos Byy \ cos Byy

where only one solution in each of the brackets must be selected. (Note
also that the variation with z has again been dropped because of the thin-
ness of the cavity in the z direction.) To determine which solutions to

select, consider the boundary conditions

E, (x,0,0) =0 (2.11)
E, (0, y,0) =0 (2.12)
E, (-a, v, 0) =0 (2.13)
B (x, b/2, d) =0 (2.14)

It is apparent from the first two boundary conditions that the only
admissible solution for Ez is

Ez = Eo sin B, X sin Byy (2.15)

From the third boundary condition, it is clear that sin Bx (-a) = 0 or

= (2w
8, = (3 ) (2.16)
Now, the magnetic field camn be calculated from (2.8)
H, = 3;;;— [Eo sin (B,x) cos (Byy)] (2.17)

The fourth boundary condition states that Hx (x, b/2, d) = 0. Therefore,
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Byblz-’z‘—’!;nodd

or 8 —) ; n odd (2.18)

Substituting (2.16) and (2.18) into (2.15) yields

E, = E, sin (5F) sin (FF) (2.19)

Substituting (2.19) into (2.9) and solving for wzuoeo give
wue = (B2 4 @n? (2.20)

which is the dispersion relation for the modified cavity. Solving (2.20)

for w yields
1 mmy2 nmy2 112
wn = ———= [F7)" + )] (2.21)
mn a b
/ Y%

which is the resonant frequency for the an mode of this modified cavity.

Rewriting some of the important equations for the modified cavity:

E, =E  sin (Egﬁ) sin (B%X) (2.22)
- b 2
Hx = ——%&%;— [Eo sin (Egﬁ) cos (B%Z]] (2.23)
1
ugn =~ (B0 + G127 (2.26)

m,n /——5__
uO o

Note that these three equations for the modified cavity are of the same
form as (2.1), (2.2) and (2.4a) for the closed cavity of Figure 2. 1In
fact, (2.24) and (2.4a) are exactly alike. Thus, a cavity can be created

that is one half as wide as the closed cavity of Figure 2 (and still have
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the same resonant frequency) by extending a slot across the top of the
cavity as shown in Figure 5. This 1is an extremely encouraging result
because it means that an array of modified cavity antennas (of the type in
Figure 5) can be built in about half the space of the previous arrays which
used unmodified cavities (of the type in Figures 1 and 3). The antennas
tested during this research were all designed in accordance with Figure 5

for a specific resonant frequency as given by (2.24).

2.3 Cavity Construction

In general, the prototype cavities were constructed by milling
1/16" deep into a 1/8" brass sheet. The length and width of the cavities
were determined by Eq. (2.24) with m = n = 1 since we are interested in
using the TMllO mode. The radiating slot was cut along the length of one
edge of the cavity. At this point, the sides, top and radiating slot (in
the top of the cavity) were completed. The bottom of the cavity was a
sheet of double clad 1/16" Rexolite (sr = 2.6) fastened to the cavity body
by brass screws tapped into the 1/8" brass. Figure 6 illustrates an

exploded view of the completed antenna.

2.4 Aperture Coupling

To turn this slotted cavity into an antenna, energy must somehow enter
into the cavity and be radiated out the radiating slot in the top. In the
past, this was usually done by either inserting a probe in the bottom of
the cavity, or running a microstrip line across the radiating slot as

Szmurlo did (see Chapter l1). Instead of using one of these traditional
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Figure 6. Exploded view of completed antenna.

methods to feed these cavities, a new approach was used: aperture
coupling. 1In aperture coupling, one side of the double-clad Rexolite is
the cavity bottom. On the other side, the copper cladding is peeled away
except for a strip of a specific width (4.4 mm for 50Q in 1/16" Rexolite)
which acts as the antenna feedline. On the cavity bottom side, a narrow,
short strip of copper orthogonal to the feedline (which is on the other
side) is peeled away to form the coupling aperture (or coupling slot). An
example of an aperture coupled cavity-backed slot is shown in Figure 7.
Aperture coupling has some advantages over the more traditional methods of
feeding the cavity. For one thing, it is a flatter system of feeding the
antenna than probe feeding and thus is better suited for conformal
mounting. Additionally, aperture coupling does not interfere with the
radiation of energy through the radiating slot. When the same slot is

used for both coupling and radiation, this interference (scattering from
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l/sll

Copper Cavity
Ground Plane
(Bottom)

=ZZ:='—‘—" Feed Line
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Figure 7. Aperture coupled cavity-backed slot antenna.

the feedline) is unavoidable. With aperture coupling, the feedline can be
placed anywhere along the slot (not just the center) without affecting the
antenna patterns. Finally, aperture coupling offers a new degree of
freedom, variation of the coupling aperture size, not available heretofore.
On the other hand, when aperture coupling is used, some radiation will leak
out the coupling aperture. Thus, power gain may be lower when aperture

coupling is used.

Aperture coupled antennas are relatively new devices. Pozar [9] first
proposed the concept for exciting microstrip patch anteunnas in 1985. Since
then he and others, notably Sullivan and Schaubert [10], have investigated,
with some success, the use of aperture coupling with simple microstrip
patch antennas. However, until now, aperture coupling has not been used to

drive cavity-backed slot antennas.
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CHAPTER 3
PROTOTYFE 1
In this chapter, the first prototype antenna and initial testing will
be discussed. Four prototypes were constructed and tested: one that was
thé same size as the largest cavity in the array (Prototype 1), one the
same size as the smallest cavity in the array (Prototype 2) and two others
in between the largest and smallest cavities (Prototypes 3 and 4). The
testing on Prototype 1 was by far the most conclusive. The results of
various tests on this prototype were used to establish the length and posi-
tion on the cavity bottom of the coupling slot as well as the antenna array
scaling factor (t1). Testing on Prototypes 2 and 3 had some unexpected

results, which will be discussed in the next chapter.

3.1 Prototype 1 Construction

Prototype 1 was buillt to the specifications of Figure 5 with a = 10
9/16" (26,829 cm), b/2 =1 17/32" (3.889 cm), and ws = 5/32" (0.3969 cm).
The cavity bottom/feedline was constructed of 1/16" Rexolite (er = 2.6).
On the feedline side, all the copper except a narrow strip (the feedline)
was removed. The width of the strip (4.4 mm) was determined by formulas
proposed by Edwards [l1] for the given height (1/16") and a characteristic
impedance of 50 ohms. SMA connectors were attached to each end of the
line. The line was tested on a TDR and trimmed for a good match. The
coupling aperture was then cut in the middle of the other side of the
Rexolite with the arbitrarily selected width of 2.5 mm and length 11.45 cm.
The length of the coupling slot was easily varied by covering portions of

the 11.45 cm opening with copper tape. The position of the coupling slot
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in the cavity bottom was also variable by simply loosening the connecting

screws and sliding the cavity bottom in either direction.

To determine the resonant frequency of this cavity, its dimensions
were substituted into Equation (2.24). This substitution resulted in a
resonant frequency of 12.615 x 109 rad/s or 2 GHz. For a closed cavity of
these dimensions, a resonant frequency of 2 GHz would be expected. But, in
fact, (2.24) assumes that WS = 0 (which it is not) and does not take into
account the coupling aperture. Therefore, it was expected that the actual
resonant frequency of Prototype 1l would be proportionally less than 2 GHz

with the increase in size of the apertures.

3.2 Prototype 1 Testing Procedure

To test Prototype 1, and the other prototypes as well, the following

sequence of steps was followed using the HP 8510 Network Analyzer.

1) Using the calibration kit, a calibration over the frequency range

of interest was executed.

2) The measurement plane was then shifted to coincide with the
coupling aperture. For reflection measurements, this was accomplished
by using a reference short. The short was constructed similar to the
microstrip feed line except it was only half as long and had a shorted
plane on one end. Thus, the electrical distance between the shorted
plane and the connector was equal to the electrical distance between
either connector and the coupling slot of the microstrip feed line.

The short was connected to the HP 8510 and electrical delay and phase
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of fset were added until the trace (Sll) on the 8510 collapsed to a
point at the left edge of the Smith chart on the real axis.

Similarly, electrical delay and phase offset were added to transmis-
sion measurements via a reference 'thru' (which was the cavity bottom/

feed line with the coupling aperture covered with copper tape).

3) Finally, the antenna itself was connected to the 8510 (with the
values of electrical delay and phase offset gained through step 2
above programmed into the 8510) as a two-port device and measurements

recorded of Sll and 821.

3.3 Advantages of Aperture Coupling

Once the first two steps were completed for the cavity bottom/feed
line and cables (from 8510 to antenna), numerous measurements as described
in step three were made with the length and position of the coupling aper-
ture as variables. As expected, the longer the coupling slot, the lower
the resonant frequency (as indicated by a crossing of the real axis by
Sll)' Furthermore, as the coupling slot was shortened, the size of the
S11 locus shrunk toward the center of the chart. The impact of this phe-—
nomenon can best be seen by comparison of Prototype 1l data with Szmurlo's
single cavity data. Figure 8a is the Sll data for Szmurlo's Cavity 6.

Note the similarity between the shape of the locus in Fig. 8a and that of
Fig. 8b, the S11 data for Prototype 1 with a coupling slot length of 11.45 cm.
Neither Szmurlo's Cavity 6 nor Prototype | (in this configuration) is a

very well-matched radiator (as evidenced by the large distance between the

center of the chart and the crossover point on the real axis at resonance).
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Figure 8a. Figure 8b.
Si] - Szmurlo's cavity 6 [5]. S;1 — Prototype 1,

coupling slot length = 1ll.45 cm.

Figure 9 shows the § and 521 locus for Prototype | with the much shorter

11

coupling slot length of 4.5 cm. Note that the S11 locus of this figure
indicates a much better match than the antennas of Figure 8. This ability
to affect the antenna impedance by varying the length of the coupling slot
is exciting because it gives the antenna engineer a degree of freedom not
previously available. Conversely, the position >f the ccupling slot had
virtually no effect on the resonant frequency or the shape of the S1

1 and

821 loci.

3.4 Prototype 1 Data and Analysis

As stated earlier, the purposes of testing the first prototype
included determining the optimum length of the coupling aperture and the

optimum scaling factor for the log-periodic array. The performance factor
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START 9.730090008 GHz START 6.730000088 OHz
STOP 2.250009008 Chx sTom 2.250000000 Oba

Figure 9. S} and S} - Prototype 1,
coupling slot length: 4.5 cm,
coupling slot position: against
cavity wall opposite radiating slot.

that was used to determine the optimum was the upper bound on the radiation

efficiency as defined by

e, = 100 % (3.1)

A close look at +this zquation reveals that the numerator represents the
part of the signal that is neither reflected nor transmitted; this is the
portion of the signal that is radiated (discounting losses). The denomina-
tor, on the other hand, represents the portion of the signal that is not
reflected; this is the sum of the radiated and trahsmitted portions of the

signal. Hence, (3.1) could be rewritten as

eq = 100 [’ radiated ] % (3.2)

radiated + transmitted
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Thus, ep is the percentage of the signal remaining after reflection that is
radiated. It was decided that a radiation efficiency at resonance of
around 60% would be best for application to a log-periodic array. The
reason is that no single element in the array should radiate so much of the
signal that there would not be enough signal left to excite remaining ele-
ments. If e. >> 60%, the active region of the array would be made up of

just one or two elements.

With this in mind, the data from Prototype 1 testing were examined to
see how the efficiency changed as a function of the coupling slot length.
As expected, the efficiency declined as the length of the coupling slot
shortened, most likely because less energy is coupled into the cavity as
the coupling slot becomes shorter. The antenna performance with the three
specific coupling slot lengths that yielded an efficiency of around 60% was
then closely scrutinized. Table 3.1 lists the parameters of interest of

these three configurations.

TABLE 3.1

PROTOTYPE 1 - PARAMETERS OF INTEREST

Coupling Slot Resonant ex (€3]
Length (cm) Freq. (GHz)
5 1.655 72.38
4.5 1.78 ’ 53.643
4 1.86875 50.64




20

To determine which of these three coupling slot lengths to choose, and to
simultaneously determine the scaling factor, a power distribution analysis
much like that done by Tammen for his log~periodic array of monopole-slot
elements was performed [4]. The goal of this analysis was to determine how
power would be distributed among the elements of the log periodic array at
different frequencies for a given scaling factor (and in our case, a given
coupling slot length). With this result a scaling factor can be selected
which, for a given frequency, will produce an adequate number of elements
with relative power above a desired threshold. The elements above the
threshold will be those that make up the active region of the antenna for

that frequency.

In a nutshell, the analysis consists of creating an efficiency versus
frequency curve for each cavity in the array. Then, for a given frequency,
the e versus f curve of the smallest cavity can be used to determine what
percentage of power incident on this first cavity will be radiated. Next,
the e versus f curve for the second smallest cavity is used to determine
what percentage of the remaining power is radiated by this second cavity,
and so on. Since it was too difficult to generate an e versus f curve for
each cavity, it was assumed that the curves for all the cavities had the
same shape. To obtain an e versus f curve for the higher frequency cavi-
ties, the frequencies of the e versus f curve for Prototype l were simply
scaled. For individual log-periodic elements, one cou}d expect this
scaling to be accurate. The fact that the cavity depths in our array are
not log-periodically scaled should have little impact. Mayes found that
efficiency versus frequency characteristics for shallow cavities did not

change much with small changes in cavity depth [12].




21
A methodical example will serve to more clearly explain the analysis
described above. For this example a coupling slot length of 4.5 cm and a

scaling factor of t = 0.92 was used. The steps in the analysis follow:

1) Generate an efficiency versus frequency curve for the con-
figuration of interest (e.g., Prototype 1! with a coupling slot
length of 4.5 cm) using lsll| and ‘SZII from the HP 8510 and

Equation (3.1). Figure 10 shows the curve generated for this

example.
[ eaananEnnNERSRRRERRRR"
60 -
- Resonance ]
50 -
- 3
® 4C): -
- 3
30:: -
20k -
16 —
S:u_l_u_l_u_LuL_u_u_u_l_d

3 15 1.7 19 2.
f (GHz)

Figure 10. Efficiency versus frequency; coupling slot length = 4.5 cm.

2) Determine the number of cavities, n, in the required array band-
width., Since an electrical bandwidth of 5:1 was desired, it was
felt that a structural bandwidth of 6:1 was needed. To achieve a

6:1 structural bandwidth with t = 0.92 indicates that for any
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dimension xo, of the largest element, the smallest element will
have that dimension equal to 6 Xo (0.92)m, i.e.,

m
6 Xo (3.92) Xo

0.92® = 1/6
o log (1/6) _
@ * {os(0.97) 21,489

= number of other elements
in addition to the first element. Therefore, 22 elements were
needed to achieve a 5:1 electrical bandwidth with a scaling fac-

tor of 0.92. A drawing of such an array is shown in Figure 1l.

Generate a power distribution table (see Table 3.2).

a) Translate a particular frequency of interest by multiplying
it by (0.92)" (where m is the exponent referred to in Figure 10).
Start with the highest m in the array and continue to change m
until the translated frequency (ft) is greater than or equal to

1.25 GHz, the lowest frequency of Figure 9. (Alternatively,

freq of interest
1.25 GHz

solve m = log ( } / 10g(0.92) and round up to find
the highest m which yields a translated frequency above or equal

to 1.25 GHz.)

b) From Figure 9, find the value of e corresponding to ft and

place it in a table (e.g. Table 3.2) where f and m intersect.

¢) To find the fractional power for the m-1 element, use the
following formula from Tammen {4)
i-1

[100 - } FP_]
n=}

FP, = e

i i
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where FPi is the fractional power of the ith element, FPn is the

fractional power of the nth element and e, is found from Figure 9

i
by using ft/r.

d) Repeat previous steps until the whole line for the frequency

of interest is filled in (see Table 3.2).

Once the previous steps are completed over a range of frequencies, the
power distribution table can be completed. Several tables for different
scaling factors and different coupling slot lengths were created in this
manner. Based on previous research, it was decided the active region for a
given frequency needed to have at least three elements with relative power
above 10. The table with the greatest bandwidth of frequencies that had
three or more elements with relative power above 10 was selected. That
table corresponded to a t of 0.92 and a coupling slot length of 4.5 cm. It

is reproduced in this report as Table 3.2.

3.5 Conclusions from Prototype 1 Testing

Many valuable things were learned from testing Prototype l. First of
all, the data verified the theory of bisecting the traditional rectangular
CBS. Second, the 'optimum' coupling slot length for Prototype | was
selected via power distribution analysis. Finally, and wmost importantly, a
new benefit of using aperture coupling was realized. That is, the perfor-
mance of the prototype antenna (and presumably the performance of the

entire array) can be controlled, in part, by the length of the coupling slot.




CHAPTER 4
OTHER PROTOTYPES

It was decided that a second prototype should be built and tested in
order to see if scaling the antenna altered the performance parameters
observed for Prototype l. This second prototype was designed to have the
same dimensions as the smallest element of the antenna array. Based on the
theory of scaling, its resonant frequency was expected to be approximately
11 GHz, an order of magnitude higher than any previously tested CBS
antenna. Since the wavelength shrinks proportionally as the frequency
rises, much greater attention to detail was used when constructing and
testing this higher frequency device than was used when building and
testing Prototype l. Nevertheless, problems were anticipated and a major

problem was encountered during preliminary testing of Prototype 2.

The basic problem was that the impedance locus of S11 moved in a coun-
terclockwise (instead of clockwise) direction as frequency increased

(Fig. 12a). Interestingly, the 821 locus (Fig. 12b) was normal (clockwise).
When further testing of Prototype 2 did not reveal the cause of the anomaly,
a third prototype with a resonant frequency intermediate to those of
Prototypes 1 and 2 (fr = 7.35 GHz) was constructed and tested.
Unfortunately, Prototype 3 also manifested the unexplained phenomenon. A
fourth prototype with a resonant frequency still lower than that of
Prototype 3 was constructed and tested (fr = 3.77 GHz); the problem was not
observed for this final prototype. Eventually, the cause of this

. frequency-related phenomenon was discovered. This chapter will detail

the problem, the steps taken in search of the cause, the cause, and the

solution to the problem.
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4.1 The High Frequency Anomaly

Recall from Prototype 1 data (Figure 9) that both the S1 and S,,; loci

i

travel clockwise (CW) around the Smith Chart as frequency increases.

Figure 12a. $Sj} - Prototype 2. Figure 12b. Sj3| - Prototype 2.
(10,6 - 11.4 GHz) (10.6 - 11.4 GHz)

The reason for this clockwise progression can be found in Foster's
Reactance Theorem (FRT). This theorem states: "The slope of the reactance
or susceptance for a loss~free one-port is always positive" [13]. Granted,
by design an antenna is not lossless and those discussed here are two-
ports. However, until Prototype 2 was tested, no antennas had ever

seemingly violated this theorem.
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4.1.1 Determining the cause

As can be seen from Figure 6, the prototypical CBS antenna has very
few components. 1t was decided, therefore, to change/alter different conm-
ponents of the antenna (one at a time) and observe the effect on the
S11 trace. First, the metal clamps that held the microstrip feed in place
were replaced with plexiglass clamps. As Figure 13 illustrates, this

change had no effect.

Figure 13. Sj} — Prototype 2 with plexiglass clamps.
(10.6 - 11.4 GHz)

Next, the radiating slot was made more shallow. This change shifted the

location of the trace, but not the shape of it (Figure 14).

Before making any further changes, Prototype 3 was built to determine
if this anomaly was also observed at slightly lower frequencies. As men-
tioned earlier, Prototype 3 also displayed the counterclockwise phenomenon

(Figure 15). It was then hypothesized that perhaps losses were responsible




29
for this effect and, therefore, an effort was made to reduce them wherever

possible. The first step in this direction was to replace the dielectric

Figure 14. 8| — Prototype 2 with shallower slot.
(10.6 - 11.4 GHz)

Figure 15. 8y} - Prototype 3.
(6.5 - 8,5 GHz)
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in the prototype with a much thinner one (15 mils). In addition to reducing
losses, this step was also taken to make sure that a quasi-TEM mode was
still being propagated on the microstrip line, because as frequency rises,
the microstrip height must shrink to ensure quasi-TEM propagation [1l].
These modifications, however, had no impact on the counterclockwise phenom-
enon (Fig. 16). To lessen losses still more, the RG-214 cables used as

test port exteasions from the 8510 to the antenna under test were replaced

Figure 16. S]] - Prototype 3 with 15 mil thick microstrip feed.
(6.8 ~ 8 GHz)
with precision semirigid cables. Although the Sll locus measured following
this modification indicated less loss, it still proceeded counterclockwise
with frequency. Again attempting to maximize performance and reduce loss,
the connectors on the antenna were veplaced by a myriad of different higher

precision connectors. These changes had no effect on the problem.
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Since alteration of virtually every antenna component had no impact on
the direction of the S11 locus, it was concluded that something outside the
antenna was the cause of the anomaly. Therefore, a closer examination of
the reference through (which also acts as the microstrip feed) and reference
short were made. In addition to the usual examination on the Time Domain
Reflectometer (TIDR) mode of the 8510, the return loss of the through and
short was checked over a very wide bandwidth (0.0896 - 18.0 GHz). This was
done because it was discovered that poorly matched lines often exhibit per-
turbations in their return loss plots above a certain frequency. Figure 17
shows the TDR plot and return loss for a typical poorly matched microstrip
line and the associated return loss plot. The hypothesis was that these

perturbations indicated the propagation of higher-order modes which could

Ref, -100.0 mUnits, 50.0 aUnits./di- Ref. 0.0 dB, 10.0 dB/div
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Figure 17a. Figure 17b.
TDR = Poorly matched line. Return loss = Poorly matched line.

cause the Sll locus to behave abnormally. Although this hypothesis was

never confirmed during this research, the return loss plots did reveal
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something interesting which ultimately pointed to the cause of the unusual

Sll loci.

—-

The return loss plot for the through (Fig. 18) had no perturbations
throughout the frequency rauge. This indicated the transmission line was
probably not the source of the problem. The return loss plot of the short,

however, was extremely abnormal. A short should have zero return loss for

Ref. —-20 dB, 0.0 dB/div

T

1
.537344 GHz

WA\ AVAVAN

Start: 0,0896 GHz. Stop: 8.0 GHz

Figure 15. Return loss - Through.

all frequencies because |I'| for a short is one. Although the reference
short for Prototype 3 had the TDR plot of a good short (Fig. 19a), its
return loss was not zero for all frequencies (Fig. 19b). 1In fact, there

were a number of frequencles where its return loss was substantially less
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Figure 19a. Figure 19b.
TDR - Reference short. Return loss - Reference short.

than zero. Note the two markers in Figure 19. They indicate the frequency
range within which Prototype 3 was tested. Figure 20a shows the S11 locus
for the third prototype when the measurement plane was established using
the short of Figure 20b (Figure 19b repeated). The plot of Figure 20a is
initially moving counterclockwise and then begins moving clockwise at about
7.8 GHz. 1In other words, the locus is abnormal from 6.5 - 7.8 GHz. A
close examination of Figure 20b reveals that 6.5 - 7.8 GHz is the same
range (within the 6.5 - 8 GHz band of Figure 20a) in which the return loss

of the reference short is not equal to zero.

It was concluded, therefore, that the cause of the backward phenomenon
was the inconsistency of the reference short in the frequency range of

interest. Consequently, the measurement plane was also incoansistent
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because the inconsistent reference short was used to establish its loca-

tion. Simply put, the measurement plane for tne reflection measurements
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Figure 20a. Figure 20b.
Sll - Prototype 3. Return loss - Reference short.
was changing with frequency. This explanation also accounts for the fact

that all of the transmission measurement plots (521) were normal.

Although the evidence already discussed was convincing, a different
method of establishing the measurement plane had to be established and the
effect of the new method on the S11 trace observed to validate the theory.
Recall that the microstrip feed network doubled as the reference through
and the coupling aperture was exactly in the middle of it. Thus, the
electrical delay and phase offset we had established for the transmission
measurements could also be used to establish the reference plane for the
reflection measurements. This procedural modification was tested, and the

resulting S11 locus did indeed move in the right (clockwise) direction.
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4,2 Further Testing of Prototypes 2, 3, and 4

The discovery of the cause of this anomaly allowed the research to
move forward but the performance factors of the first two prototypes were
never correlated because of equipment breakdowns and parts shortages.
Since time was limited, it was decided to hypothesize that the performance
factors would indeed correlate and to pursue the design, construction and

testing of the antenna array.
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CHAPTER 5

LOG-PERIODIC ARRAY OF
APERTURE-COUPLED CAVITY-BACKED SLOTS

The design of the log-periodic elements was accomplished by multiplying
the dimensions of Prototype | by ™ (1 = 0.92; m is defined in Figure 11).
Two dimensions, however, were not scaled: the cavity depth and the separa-
tion between adjacent cavity walls. The cavity depth was not scaled in
order to make construction of the array easier. Furthermore, as stated in
Chapter 3, earlier research by Mayes indicated that variation in the depths
of shallow cavities had little effect on their performance parameters;
therefore, no impact was expected from this subtle deviation from true log-
periodic design. Conversely, the separation distance between antenna ele-
ments was not the result of a decision based on previous research and
theory; it was a design flaw. Fortunately, the data presented in this
chapter indicate that this design flaw had little, if any, effect on the
f requency-independent performance of the antenna, aithough it did impact

the design of the feeder and thereby limit the bandwidth of the antenna.

The array elements were milled out of 1/8" brass to the specifications
of Figure 11. The array feed network was constructed in the same manner as
the prototype feedlines using 1/16" double clad Rexolite. However, the
feed network for the array was designed much differently than were the pro-
totype feedlines. This chapter focuses on the design and construction of
the array feed network, the measurement of the scattering parameters, and

the antenna patterns of the antenna array.

5.1 Feed Network/Cavity Bottom Design and Construction
The design of the feed network was in large part dictated by the goal

of having an antenna array that produced a backfire radiation pattern. To
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achieve backfire radiation, the waves radiated by the antenna elements nust
add in phase in the backfire direction. One successful method of obtaining
this in-phase addition of radiated waves has been to ensure that the phase
shift going from one element to another and back is equal to 2w radians
[5]« In the case of this antenna array, the total phase shift is equal to
that of the incident wave as it travels along the feedline from the
coupling slot of one element to that of the next plus that of the radiated
wave as it travels in free space back to the radiating slot of the first
element. If the feedline followed a straight path between coupling slots,
this phase shift would be less than 2n. Therefore, excess feedline, of
length d, must be added between coupling slots. Analytically, a formula

for d can be derived as follows:

Bods + Bd = 20l radians (phase difference (5.1)

equivalent to dt = one wavelength)

20 - Bods 21 - 8d

d = = o s
I
1 2n _ 12l _
)
r r
Th 1 c
erefore d = (?— - ds) (5.2)
€ r

r

In Equation (5.2), d5 is the physical distance between the radiating
slots, € is the relative permittivity of the dielectric substrate of the
feed network, c is the speed of light in free space, and f is the resonant
frequency (as defined by scaling resonant frequency of Prototype 1) of the

smaller of the two cavities.
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If an infinite front-to-back ratio were desired, the feedline length
would be designed so that the waves radiated in the direction of the inci-
dent wave on the feedline would be 180 degrees out of phase. Because of
time limitations, an infinite front-to~back ratio was not one of the goals

of this research.

The resultant section of line between any two coupling slots would

have a displaced portion and a main-line portion as in Figure 21.

50%,45° Mitre Displaced Portion

in Accordance With [14]

Mainline Portion

Coupling Slot m-1—s ] Coupling Slot m

h = Vertical Distance = 1/2(d-d)

Figure 21.

Section of meandering line between two coupling slots.

The whole feed network for the 23 cavity array was to be built using
the design shown in Figure 21, but another problem arose. At higher fre-
quencies (> 4.2 GHz), the distance, h, shrinks so much that the displaced
portion and the main-line portion of the feedline begin to blend together.
As the frequency continues to climb, h would eventually have to be a nega-
tive quantity in order for Equation (5.1) to be satisfied. This fact pre-

sents a problem because a negative distance is not physically realizable.
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This problem is a result of the design flaw discussed in paragraph one
of this chapter. 1If the antenna did not have this flaw, then the distance
h of any given element would always be the scaled h of the previous ele-
ment. To see this, rewrite Equation 5.2 and consider the distance dm

between the elements m and m-1 of a correctly scaled array.

(5.3)

where frm is the resonant frequency of element m, and dSm is the distance
between elements m and m~l. Equation (5.3) can then be written to include

the scaling factor as follows:

. S - (d,,)(0.92)"]

. fe. (£,.)/(0.92)"

m m
a = [(A)€0.9)7 - (d_ 1(0.92)7]
er
. _(0.9)" _
d (% - 45, ] (5.4)

m /———
el‘

where the parameters with zero in the subscript are parameters of the
largest (m=0) element. From Equation (5.4) it is apparent that dm (and
thus h = 4 - dsm) for any given element is d _, (0.92). In other words,
both dm and h would be scaled distances and would never become zero unless

the antenna was infinite in length.

Therefore, the problem could be solved by rebuilding the array such

that the distance between cavities was scaled correctly. However, before
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rebuilding the entire array in this fashion, it was thought wise to verify
that the original feedline design was correct for the cavities with reso-
nant frequencies below 4.2 GHz., A feed network was then constructed, as
described earlier, to excite only the 1l largest elements of the array.
Figure 22 shows the resultant feedline. The most severe drawback of this
decision was that the electrical bandwidth would be much smaller than orig-
inally planned. However, if the antenna would work in the 1l cavity con-
figuration, the bandwidth, theoretically, could be extended by rebuilding

the array such that the distances between cavities was scaled correctly.

As with the prototypes, the coupling apertures were cut in the other
side of the feed network. Finally, the antenna bottom/feed network was

attached to the array with brass screws tapped into the 1/8" brass.

5.2 S Parameter Measurement

To make S parameter measurements of the array, the same sequence as
was used for measurement of the prototypes was followed with a few excep-
tions. First, the frequency range of the 1l cavity array was broader (1.0
- 4.5 GHz). Second, the measurement plane for the array was set at Port 2

of the antenna array (see Figure 22),

The results of these measurements appear in Figures 23-24. The
S11 locus of Figure 23 behaves as expected for a log—periodic array of
cavity-backed slots, as did the S21 locus of Figure 23. Note from Figure
23 that the antenna is moderately well matched. In fact, comparison with

Szmurlo's Sll locus (Figure 25) indicates that the 1l cavity array is

watched much better than previous CBS arrays. To improve the impedance
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Measured Sy| - 11 cavity array. Measured Sp| - li cavity array.

Figure 25.
S11 - Szmurlo's 6 cavity array with unmodulated feed.
(Frequencies in MHz)

match of his antenna, Szmurlo modulated the impedance of his feed network
to eliminate the structural stopband. This technique of feedline modula-
tion was first described by Ingerson and Mayes and has been successful in
improving LP antenna performance. The application of their technique to

this research is discussed in Chapter 6.
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5.3 Antenna Array Pattern Measurements

Antenna pattern measurements were made at the 20 x 20 foot University
of Illinois Electromagnetics Laboratory Ground Plane Range. For the azi-
muthal patterns, the ll cavity array was rotated and acted as the transmit-
ting antenna, and a log-periodic array of half trapezoids over a ground
plane was used as the receiving antenna. For elevation measurements, the
11 cavity array was the transmitting antenna, and a dipole mounted in a
corner reflector (or horn antenna) attached to a fiberglass boom was used

as the receiving antenna. The results of these measurements are shown in

Figures 26 and 27.

These antenna patterns were measured strictly to verify the antenna
had backfire radiation and that the pattern shape was essentially the same
over a fairly broad frequency bandwidth. The measurements show good back-
fire radiation, and the shape of the patterns are alike over the range
1.75 GHz to 3.5 GHz. It is also evident that the patterns do not have an
infinite front~to-back ratio. This, however, was expected because the
antenna feed network was not designed to cause an infinite front-to-back

ratio, but to cause backfire radiation (see Section 5.1).

Patterns were also made in the University of Illinois Electromagnetics
Laboratory Anechoic Chamber to determine if a large percentage of energy
was being radiated through the coupling apertures. The antenna array
was set up with the slots perpendicular to the floor and rotated through
360°. The patterns (Appendix E) display the radiation through the

radiating slots in the 0 - 180° range, and the radiation through the
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coupling slots in the 180° - 360° range. 1In all cases, the patterns
corresponding to radiation through the coupling slots are at least 10 dB

below the patterns corresponding to radiation through the radiating slots.
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CHAPTER 6
COMPUTER SIMULATION AND STOPBAND ANALYSIS
Although the impedance match of the 1l cavity array was an improvement
over those for previous LPCBS arrays, it was expected that it could be
improved still more by elimination of the structural stopband through modu-
lation of the feed network impedance. The computer was employed as an aid
in locating the structural stopband and in determining what the impedance
of the modulated sections of the feedline should be to eliminate the struc-
tural stopband. Finally, a computer program modeling the ll cavity array
was run first without and then with the modulated sections of line included
to determine if the impedance match was improved. A description of the
model used and the results of these computer analyses are prasented in this

chapter.

6.1 The Shorted-Stub Model of a Single Cavity

The shorted-stub model of a single cavity has been shown to be ade-
quate for use in modeling LPCBS arrays [5]. The model shown in Figure 28
consists of three parameters: the shunt conductance GS(m ), the stub

characteristic admittance GOS(m ), and the stub length (m). The first step

LS

GS

O —)

Figur= 28. Shorted-stub model of caviny |

[T
.
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in effectively modeling the 1l cavity array was to determine the values of
GS, GOS and LS which yielded an S11 locus for the cavity model that was
similar to the S11 locus for Prototype 1. It is especially important that

the value of S at resonance is the same for both the model and the proto-

11
type.

At resonance (1.78 GHz), the return loss of Prototype 1 was 8.8828 dB.
Thus, ]511] at resonance equals 0.35963. The values of LS and GS necessary
for the model to yield ]Slll = 0.35963 at 1.78 GHz can be realized analyti~
cally through use of general network parameter (A, B, C, D or chain matrix)
analysis. The final parameter, GOS, can be realized by trial and error
through use of a computer program such as the one in Appendix A. The
resultant values for the model parameters are LS = 0,042135 m, GS =
17.806 m5, and GOS = 831 my. Figure 29a shows the S11 locus from the model
with these values of LS, GS, GOS, while Figure 29b shows the actual Sl

1

locus of Prototype 1.

Figure 29%a. Figure 29b.

Computed 51| using cavity model. Measured Sj) - Prototype 1.
(0.75 - 2.25 GHz)
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1t is evident that the agreement between the model and Prototype l is good,

particularly around resonance (1.78 GHz).

The next step was to surround the cavity model with sections of modu-
lated and unmodulated transmission lines to simulate a single cavity fed by

a modulated microstrip transmission line. This model is shown in Figure 30.

LS '
/ . -

ROI RO2 GS RO2 RO

RVI RV2 Rv2 RvVi
o

f—u——2 = —te—h—u—

Figure 30. Model of cavity being fed by a
modulated microstrip feed [5].

This model now includes all the components of a single element of the
array, and is called a cell. With GS = 17.806 m$, LS = 0.042135 m,

GOS = 831 my, ROl = 50 @, L, = 0,078, and RO2 = 50 R, this cell would model

i
the largest element of the 11 cavity array without a modulated feed net-
work. To include the effect of modulation in this cell, L2 and R02 would
be set to the appropriate values for the modulated section of line feeding
the largest element. Cells that model smaller array elements can be
derived by substituting the correct values (for the element of interest) of

Ll, L2, ROl, RO2 and LS for those above. The values of GS, GOS and RO will

be constant for all cells, while the value of LS for cell number n (where n
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is defined in Figure 11) will be (0.042135)(0.92)n-2. To model the entire
array, the cells modeling the individual elements are cascaded (connected

end-to—-end) in the same order as the elements they model.
6.2 Location of the Structural Stopband

If the cascade of cells described above is approximated as an infinite
cascade of identical, symmetrical two ports, image parameter theory can be
used to analyze it [5]. To calculate the image parameters of a single cell
(or the entire cascade), an A, B, C, D matrix for each component of each
cell is formed. These matrices are then multiplied together (in the same
order as they occur in the cell/cascade) to yield a resultant A, B, C, D

matrix. The image parameters, Z, = image impedance and Yo propagation

i
factor, can then be computed using the elements of the resultant A, B, C, D

matrix as follows.

Zi = v/ B/C

yi=£n(A+/A2-1)[5]

It is possible to determine the stopband location using either of these
parameters. A dramatic change in the magnitude of the image impedance or a
phase shift in the imaginary part of the propagation factor indicates the

location of the stopband.

A computer program, STPMOD (Appendix B), was written to compute the
image parameters in the manner just described for a single unmodulated cell
(element number 7, fr = 3.19 GHz) of the 1l cavity array. The program
calculated the image parameters at discrete frequencies from 2-4 GHz. The

location of the stopband could then be determined from an examination of
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the data. Once the location of the structural stopband for element number 7

was known, the location of the structural stopband for any element could be

yaniatiiiinie

found by scaling the stopband range of element number 7.

The output of STPMOD for element number 7 is shown graphically in

Figures 3! and 32. The first of these figures displays [Zi[ as a function

W,
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Figure 31. {2;| versus f(GHz) - Element 7
with unmodulated feediine.
of frequency. It is immediately obvious from looking at this figure that
there is a dramatic change in }Zil over the range 2.35 to 2.38 GHz. This
is the location of the structural stopband. In this region, the image
impedance 1s far greater in magnitude than the 50 O impedance of the feed-
line. Because of the severe mismatch in this stopband, reflections add up
in this region and prevent the incident wave from propagating farther down

the feedline. Note also that there is a much less dranatic variation in

{z;| near 3.19 GHz. This is known as the two-terminal stopband [2] and
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normally occurs, as it does in this case, at the resonant frequency of the
stub. As evidenced by the small variation in IZiI in this region, the
impact of the two-terminal stopband is much less than that of the struc-

tural stopband.

Figure 32 is a graphical display of the variation of the phase with

frequency. Again, the location of the structural stopband can be

EN] S ST i e,

32 e

f{GHz)
N

[ —_——

1t 4 1 8 22 28 3 3 e 3 A 4 2 s -

PHASE {RADIAMNLS)

Figure 32. Phase versus f (GHz) - Element 7
with unmodulated feedline.
pinpointed from this figure. Note that in the structural stopband region
(from 2.35 to 2.38 GHz), the value of Bi remains constant at w. The two-
terminal stopband and the high frequency stopband are also evident. Of
special interest in this figure (and the last) is the width of the struc-
tural stopband: 0.04 GHz. 1In comparison to previo.s LPCBS arrays, this

number is very small. Szmurlo, for example, encountered structural
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stopbands as great as 0.15 GHz in width as seen from Figure 33 [5].

Furthermore, the structural stopband encountered in this research is about
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Figure 33. Phase versus f (4Hz) - Szmurlo's cavity 6.

2% of the projected operating bandwidth of the 1l cavity array, as compared
with about 43% for Szmurlo's antenna (for an operating bandwidth cf 975 to
1325 MHz). The impact of the narrow structural stopband is discussed in

detail in Section 6.5.
6.3 Eliminating the Structural Stopband

If the image impedance in the stopband region is made to be 50 ohms,
the structural stopband will effectively be matched out. As mentioned
before, modulation of the feedline impedance has historically minimized the
impact of the structural stopband. The difficulty was to determine the
length and impedance of the modulated sections of the line (L2 and R02).

As it turned out, the length of the modulated section was more or less
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fixed by physical constraints of the feed network; thus, only RO2 had to be

found to complete the design of the modulated cell.

For this task, another computer program, ITMOD (Appendix C), was
created. The required inputs for ITMOD are the center frequency of the
structural stopband and a range of possible modulation impedances. The
output of the program is |Zil (at the stopband center frequency) as a func-
tion of possible modulation impedances. After numerous executions of this
program, it was discovered that the modulation impedance which yielded a
value for |Z | closest to 50 ohms was RO2 = 47.3245976 Q. This was a
startling result because, compared to the modulation impedances of previous
LPCBS arrays (e.g., modulation impedance for Szmurlo's antenna < 30 Q), it

is surprisingly close to 50 Q.

To verify that the correct modulation impedance had indeed been found,
STPMOD was run again with RO2 = 47.3245976 and Ll and L2 adjusted for inclu-
sion of the modulated section in the cell. The results (Figures 34 and 35)
show that the structural stopband impact had indeed been greatly decreased
because of the modulated feedline. 1In fact, the structural stopband is
not visible in Figure 35. 1In other words, the data verified that RO2 =

47.3245976 was, in fact, correct.

6.4 Effect of Eliminating the Structural Stopband on Antenna lmpedance

Before making any modifications to the antenna, it was considered wise
to check, through the use of a computer program, the effect of modulation on
the antenna impedance. Hence, a program using chain matrix multiplication

as described in Section 6.2 was written to calculate Sll for the 11 cavity
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array. The program, MODANT (Appendix D), was first run for the case of the
antenna without modulation, i.e., the impedance of all modulated sections
was set to 50 Q. The computed S11 locus using MODANT for the ll cavity
model over the frequency range from 1.0 to 4.5 GHz is displayed in

Figure 36. Although there is not point-to-point agreement between Figure 36

Figure 36. Computed Sy - ll cavity array with unmodulated feedline.
(100 to 4-5 GHZ)

and the measured Sll for the 1l cavity array (Figure 23), the general shape
and position of the two loci on the Smith Chart indicate that the 11 cavity

model is an adequate representation of the actual antenna.

Next, the program was run again; this time, however, the modulated
sections of line were included. The Sll locus for this case is shown in

Figure 37. There is very little difference between Figures 36 and 37.
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Figure 37. Computed S)| - Il cavity array with modulated feedline.
(1.0 to %.5 GHz)

The major difference is that the locus in the latter figure does not move
in toward the center of the chart as the locus of the first figure does.
However, the impedance match (as indicated by the distance from the center

of the chart to the locus) has not improved with modulation.

6.5 Cause and Impact of the Narrow Stopband

The probable reason for the slight impact of modulating the feedline
is that the stopband seems to have little effect on the antenna impedance
for this array. Therefore eliminating it through modulation yieids little

improvement. The evidence for this assumption includes the fact that the
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impedance of the unmodulated antenna is rather good in comparison to those
for previous LPCBS arrays, the stopband for the antenna is very narrow both
in relation to the projected bandwidth and to the stopband of previous
LPC3S arrays, and the modulation impedance to eliminate the stopband is
very close to 50 ohms. In fact, the modulation impedance is so close to

50 @ that the modulated section of the microstrip line would be virtually

the same width as the unwmodulated section.

These factors indicated that the structural stopband was not signifi-
cantly degrading antenna performance. Therefore, it was decided that modu-
lation of the feedline would not improve the antenna performance and would,
therefore, be unnecessary. This development is both startling and exciting
because it greatly simplifies feedline design. Not only will the construc-
tion of feedlines be easier, but the computer simulation to determine the
modulation impedance will now be unnecessary. Certainly, this development
should be exploited fully. Therefore, it is very important to understand
what caused the structural stopband to be so narrow and to have such littie

impact on antenna performance.

Recall from Chapter 3 that Prutotype 1 (with a coupling slot length of
4.5 cm) was a much better matched antenna than previous CBS elements.
Clearly, if the individual elements of an LP array are well matched, the
array irself will have a better chance of being well matched than if the
individual elements are poorly matched. Therefore, the stopband for an
antenna with well-matched radiators would have much less effect on antenna
performance than the stopband of an antenna with poorly-matched radiators.

Why, then, are the elements of this array better matched than previous
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LPCBS elements? Again, recall from Chapter 3 that the resonant frequency
and impedance at resonance were found to be functions of the length of the
coupling slot. In other words, the use of aperture coupling resulted in
the ability to create (by varying the coupling slot length) relatively
well-matched elements which, in turn, made up a fairly well-matched array.
It was concluded that the width and impact of the structural stopband

were greatly lessened because of the use of aperture coupling to feed the

array elements.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

The goals for this research were met. The LP array of Aperture-
Coupled CBS (LPACCBS) antennas demonstrated the potential for a larger
operating bandwidth using less 'real estate' than previous LPCBS antennas.
It operated at much higher frequencies than any previous LPCBS array.
Moreover, the theory that cavity depths do not have to be faithfully scaled
for good frequeney independent performance was again validated. In addi-
tion, it was discovered that the LPACCBS array was not hindered by the
presence of a large structural stopband. This was, perhaps, the most

important result of the research.

The goals just enumerated were reached primarily because the LPACCBS
antenna introduced two major departures from previous LPCBS design: ‘'half-
width' cavities, and aperture coupling. The use of half-~width cavities as
suggested by Tanner made it possible for an array of CBS elements to be
constructed in about half the space required for previous CBS arrays.
Certainly this result will make the CBS array even more attractive to
potential users, especially those who have a requirement for conformal

mounting in limited space, e.g., aircraft and missile designers.

This research also demonstrated the many clear advantages of using
aperture coupling to feed an array of CBS elements. Not only does it elim-~
inate scattering from the feedline, but alsoc offers a new degree of freedom
for controlling antenna performance. One demonstrated advantage of this
new degree of freedom was the ability to improve the performance of an
individual element to such a degree that the antenna array structural stop-

band is almost nonexistent.
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What should be the future research in CBS arrays? Obviously, the
advantages of aperture coupling as a feed system for CBS antennas should be
closely scrutinized in order to fully exploit this useful tool. In par-
ticular, research should be done to utilize aperture coupling as a method
to reduce antenna impedance still further by building on this and previous
research. One technique that had been successful [3] in reducing antenna
impedance in previous CBS antennas was to move the feedline away from the
center of the feed slot to a position that resulted in better overall
antenna impedance. Unfortunately, since the feed slot and the radiating
slot were one and the same, this technique resulted in asymmetrical pat-
terns and had to be abandoned. Because aperture coupling does not combine
the feed (coupling) slot and the radiating slot, this scattering will not
occur. Thus, patterns will not be affected by an effort to improve impe-
dance through lateral shifting of the feedline below the coupling slot.
Ultimately, perhaps the impedance match between the array elements and the
feedline could be improved enough through aperture coupling to eliminate
the structural stopband completely. In any case, the application of aper-
ture coupling to CBS arrays, based on this research alone, looks extremely

prouising and certainly merits more attention.
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APPENDIX A

COMPUTER PROGRAM TO CALCULATE
S PARAMETERS OF SHORTED STUB MODEL

PROGRAM SPARM( 1NPYT JUTAYT)

MOD | FIED PROGAAM FROM APPEND (X A OF SZMURLO (9]
PROGRAM CALCULATED S PARAMETERS FOR GIVEM VARIABLES IN
SHORTED STUB ™QOEL

REAL LS
COMPLEX A.B.C,D,DEN,Y,$11,812

OPEN  (UNITx6 FILE="SOUT' STATUS= 'NEW')

PRINT @ 'ENTER CHAR., ADMITT. OF STUB IN NILLIMMOS'
READ *,GOS
WRITE (6,%) "CHAR. ADMITT. OF STUB IN MILL IMMOS ', GOS

PRINT © "ENTER SHUNT CONOUCTANCE IN RILLINNGS'
READ *,GS
WRITE (6,°) 'SHUNT COND. MILL IMHOS',GS

PRINT®, "ENTER CHMAR. (MPEDANCE OF MAIN LINE IN ONMS'
READ *,R0
WRITE (6,%) "MAIN LINE CHAR. (MP. ' RO

PRINT®, "ENTER LENCTH OF STUB IN CENTIMETERS'
READ *,L8
WRITE (6,%) 'LENGTH OF STUB (CM} ' LS

PRINT® "ENTER LOWER FREQUENCY LIMIY IN GHZ'
READ . FL
WRITE (6,°) 'LOWER FREQ. ',FL

PRINTS CENTER UPPER FREQUENCY LINIT in GMZ’
READ ©.Fu
WRITE (6,°) "UPPER FREQ. ',Fu

FRINTS, 'ENTER FREQUENCY INCREMENT M CHI'
READ *,0F
WRITE (6,®) 'DELTA FREGQ. ',OF

Pius, SATAN(1.)
TOP a2, %91

GO=1./R0
N=Q

WRITE(6,®) '
WRITE(6,®) *
WRITE (6,%)'FREQ S11 R/ $12 R/1 $11 M/A S12 M/A'

Faf{ +NoOF

WA N30, /F
ALOLAMSLS NN
THETSaTOP | *ALOLAN

B3ITUB==(GCOS®Y . £-3)/TAN( THETS)
YaCHPLX(GS®1.E-3,88TUR)

Be1. /Y

A={1,,0.)

Ca(0.,0.)

Dm(1.,0.)

OEN=2 . +g%00

$11=(8%G0) /0€EN
$12=2. /0EN
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S1tmM=CABRS(S1t?)
STIA=(360./TOP I |®ATAN2(A(MAC(STT) REAL(S11)}

S 12M=CABS (512}
S12A%(360./TOP ! )*ATANZ{AIMAG(S12} ,REAL(S512))

WRITE (6,%) F,$11,512,S11H,S11A,512M 5124
Nugte
IF (F=FU) 30,30,80

CONT INVE
sToP
N0
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APPENDIY. B

COMPUTER PROGRAM TO LOCATE
THE STRUCTURAL STOPBAND

PROGRAM $TPMAD
PROGRAM TO LQCATE THE STRUCTURAL STOPBAND

COMPLEX J(2,2),A(2.2),8(2.,2),C(2,2).21,GAM 0(2,2]1.E(2,21.G(2,2)
REAL F LS ,CS.COS,LAMOA BETA LL,Pi RN YM, TWOP | MAGZ W, AA AREAL
REAL X,YMOO,LM, 88

CHARACTER®S DATA1,0ATA2 DATA3,DATAGL

COMMON/VARS 1/ ), LL ,PHASEDE
COMMON/VARS2/A
COMMON/VARS3 /0, FASEDE , YNOD

DATA ENDIT/=1.238/

FORMAY [ 1X, 'FREQ', 10X, ‘/A/"' 19X, "Z1" 10X, ' /Z1/° 11K, 'GANRA" )
FORMAT(F7.5,F18.18,6F9.3)

OPEN({UNIT=E FILE='IT' STATUS='NEW')

WRITE(® ) '

WRITE(® ®)'FILENAME FOR PMASE DATA'
READ®, DATAY

WRITE({® ®)"FILERAME FOR ATTENUATION DATA'
READ®, DATA2

WRITE(® &) 'FILENAME FOR /A/ DATA®
READ® ,DATA3

WRITE(®,®) 'FILENAE FOR /Z!/ DATA'
READ® DATAN

OPEM{UNIT=14,F ILE=OATAT)
OPEN(UNITa19 FILESDATA2)
OPEM(UNIT216,F ILESDATAS)
OPEN(UMITa17,FILE=DATAN)

{NPUT TNE MODULAT:iON )MPEDANCE
Xx=50.

WRITE(E,®)" '

WRITE(S,*)" '

WRITE(6,®) 'MODILATION IMPEDANCE =' ,X,' OHMS'
WRITE(S,®)" '

WRITE(S, 10)

WRITE(6,®)" '

INITIALIZE OTHER VARIABLES

Piskh SATAN(Y.)
TWOP 1 w2 oP1

D0 100 w=2.8,.01

Faw®1 E9
LS=.082115%( . 92¢%%7)
GS=17.806

GOS=831.
LANDA=] . E8/F
BETA=TWOP | /LAMDA
RiS=h7 387135

Yim1, /R

YMOD= 1, /X

INTRODUCE L INE LENGTH OF UNMODULATED SECTiONS
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LL=.0215-(.303)7¢ 32"

INTROOUCE L (NE LENGTH OF MODULATED SECTIONS
LM=(.003)/(.92°%3)

CREATE THE FIRST UMMODULATED LINE MATRIX

CALL LMAT(BETA AM, YN)

CREATE THE FIRST MOODULATED LINE MATRIX

CALL MMAT (BETA,LM, X)

MULTIPLY THE FIRST TWO MATRICES TOGETMER

CALL MATMA.(E,J,0)

CREATE THE FIRST CAVITY MATRIX

CALL CRMAT{BETA,LS,G0S.GS)

MULTIPLY END MATRIX ON RIGHT BY CAVITY MATRIX

CALL MATMUL (B,E,A)

MULTIPLY END MATRIX ON RIGHT BY MODULATED LINE MATRIX
CALL MATWUL(G,8,0)

MULTIPLY END MATRIX ON RIGHT BY UMOOULATED LINE MATRIX
CALL MATMA.(C.G,J)

ZIsCSORT(C(1,2)/C(2,1))
MAGZ=CABS{Z))
AASCARS(C(Y 1))

GAMRCLOG(C( 1,11 +CSQRT(C(1,1)*%2=1.))
B8=A HAG{ AN |
IF(B8.LT.0.)00~88+TWOP |

BS=TWOP 1-88
WRITE(S, 11)W, AR, Z1 ,MAGZ , GAM
WRITE(18,555)08,', '.W
WRITE(15,553)REAL(GAM) ", ' ,¥
WRITE(16,956)AA,", ' ,W
WRITE(17,557)W,", ' ,MAGZ

CONT 1 NUE
FORMAT{FS8.5,A3,F8.9)
FORMAT(F17, 18,A3,F8.5)

FORMAT (£8.9,A3,10.5)

FORMAT (F7.3,A3,F7.3)
WRITE(18,558)ENDIT, ", ' ENDIT
WRITE(15,958)ENDIT, ", ' ENDIT
WRITE(16,550)EM01T, ", ' ENOIT
WRITE(17,558)EMOIT,", ' ,ENOIT
[ ]

SUBROUT INE LMAT(BETA AN, YN}

COMPLEX J(2,2)
REAL BETA,LL AN, YM

COMMON/VARS 1/J ,LL . PHASEDE
PMASEDESBETASLL®(2. 146%*.5)




o0

aon

o0

000

J0T. 1) =CMPLX(COS(PHASEDE} .0 . )
JU1,218CMPLX(Q. ,AM*S IN{PHASEDE))
J{2.1)3CMPLXIOQ. . YM®SIN(PHASEDE ) )
J02,2)=CMPLX{ COS (PNASEDE) ,0.)
RETURN

END

SUBROUT INE MMAT{BETA,LN,X)

COMPLEX D(2,2)
REAL BETA, LM, X, YMO0

COMMON/VARS /D ,FASEDE , YMOD
FASEDE=BETASLN® (2, 146%0 . 8)
0(1,1)=CHPLX({COS(FASEDE) ,0.)
D{1,2)5CMPLX(0. ,X%S IN(FASEDE) )
0(2,1)=CPLX(0. ,Y™O0®S | N(FASEDE ) )
0(2,2)=CaPLX(COS(FASEDE) 0. )
RETURN

END

SUBROUT I NE CMAT(8ETA.LS GOS,.GS)

COMPLEX A(2,2),YCAVY
REAL LS,8ETA,GOS.GS

COMMON/VARS2/A

SETADE=SETAM S
BS“DO-(NS".E-J)/TM(!ETME)
YCAVECHPLX{GS®Y . £-3,BSTUS)
A(T,1)=CMPLX({1.,0.)

A(1,2)=1, /¥CAY
A{2,7)mCMPLX(0.,0.)
A(2,2)=CMPLX(1,,0.)

LS= 3%0.92

RETURN

END

SUBROUTINE MATMWL (X,Y,2Z)
SUBROUT INE RETURNS X=YZ
COMPLEX x(2,2),¥(2,2),2(2,2)

X(1.‘)"('.‘)'!(1.')‘7(1,2)'2(2.l)
X(1,2)18Y09,1)92(1,2)0¥(1,2)02(2.2)
X(2.1)87Y(2,1)92(1,1)ev(2,2)%2(2.1)
X(2.2)%Y(2,1)92(1,2)+v(2,2)92(2,2)
RETURN

END
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APPENDIX C

COMPUTER PROGRAM TO DETERMINE
THE IMPEDANCE OF THE
MODULATED LINE

PROGRAM | THMQD

PROGRAM TO DETERMINE THE 'MPEDANCE OF THME MOOULATED L INE
COMPLEX J(2,2),A(2.2).8(2,2),C(2,2),Z1 .GAM.D12.2),€(2,2).G(2,2)
REAL F,LS,GS,GOS,LAMDA BETA (L, P! RM, Y, TWOP | MAGZ W, AA AREAL
REAL X, YMOOD, L%

COMMON/VARS 1/ J ,LL ,PHASEDE

COMMON/VARS2/A

COMMON/VARS3 /D , FASEDE , YMOOD

FORMAT( "RMOD ', 7X, ' /A/" 9%, /Z1/" , 19K, "GAMMA" )
FORMAT(F6.3,6F9.7)

OPEN(UNIT=E ,FILES" T’ ,STATUSS 'NEW')
WRITE(6,”)* *

WRITE(S,*)" '

WRITE(6,10)

WRITE(6,*)" '

INITIALIZE VARIABLES

Plaig CATAN(Y.}
TWOP 1 =2 oP 1t

D0 100 X=&7.32859,487.3266,.0000001
f=2.3608¢1.€9

LS= . 0N2139%(.92°T)

CS=17.806

GOS=811.

LAMDA=) . E8/F

SETA=TWOP | /LAVDA

Rn=s0.

YMut, /RM

YMQD= 1. /X

INTRODUCE LINE LENGTH OF URMODWATED SECTIONS
LL=.0215=(.003)/(.92%*3)

TNTRODUCE LINE LENGTH OF MODULATED SECTIOKS
LM=(.003)/(.92%°3)

CREATE THE FIRST UNMODULATED LINE MATRIX

CALL LMAT(BETA RN, YW)

CREATE THE FIRST MODULATED LINE MATRIX
CALL MMAT (BETA.LM, X)

MULTIPLY THE FIRST TWO MATRICES TOGETHER
CALL MATMAL(E,J,D)

CREATE THE FIRST CAVITY MATRIX

CALL CMAT(BETA,LS,GOS,GS)

MULTIPLY END MATRIX ON RIGHT B8Y CAVITY MATR(X
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CALL ®ATMLL:3 E.A}

MULTIPLY END MATRIX ON RIGHT 8Y MODULATED L INE MATRIX
CALL MATMUL (C,.B.0}
MULTIPLY END XATRIX OW RIGHMT BY UMODULATED L INE MATRIX
CALL MATWR (C,G.J)

Z1=C3QRT(C(1,2)/€C(2.1))
MAGZ=CARS(21)
AARCARS(C(1,1))

GAMECLOG(C(1,1)*CSQRT(C(1,1)902-1))
WRITE(6,®) X, AN, MAGZ , GAN

CONT I NUE

EnD

SUBROUT INE LMAT{BETA RM, M)

COMPLEX J(2,2)
REAL BETA,LL RN, Y™

COMMOM/VARS 1/ J,LL ,PHASEDE
PHASEDE=BETASLL® (2. 186 3)

J(1, 1) =CMPLX(COS{PHASEDE) ,0.)
J(1,2)sCoPLX(0. ,RN®S | N{ PHASEDE) )
J12,1)=CMPLX(0. , YNOS I N( PHASEDE ) )
J(2,2)=CHPLX(COS{PHASEDE) .0.)
RETURN

M0

SUBROUT I(NE MMAT(BETA.LM X)

COMPLEX D(2,2)
REAL SETA,LM,X,YMOD

COMMON/VARSS /D, FASEDE , YMOD
FASEDEsQETASLN® (2. 186% . 3)
0(1,1)aCHMPLX(COS({FASEDE) 0.}
D{1,2)=CHMPLX{0. ,X¥S | M(FASEDE))
D(2,1)=CHPLX{0.,YMOD®S i N(FASEDE) )
0{2,2)=CHPLX(COS({FASEDE) ,0.)
RETURN

(2 ]

SUBROUT IRE CMAT(BETA,LS,008,GS)

COMPLEX A(2,2),YCAV
REAL LS,0ETA,008,C8

COMNON/VARS2/A

BETADE=SETAS S

BSTUBw=(GOR®? . €-3) /TAN(BETADE )
YCAYSCOWPLX(GS®1.E~3,88TUB)
A(1,1)=0WLX(1.,0.)
A(1,2)=1./YCAY
A(2,1)=COP1LX(0.,0.)
A(2,2)=COPtX(1.,0.)

LS= 390 .92

RETURN

END




(93¢}

SUBROUTINE MATMUL (X 1. Z}

SUBROUTINE RETURNS XavZ
CompLEX x(2,2),v(2,2),2(2,2)

"('.')‘VU.‘)'Z(Y.Y)’V(‘,2)'2(2.1)
X(1,2)av(1, 1192(1,2)+v(1,2)%2(2,2)
x(?.')'V(Z.H'Z(1.”‘"2,2)'2(2.‘)
X{2,2)=v(2,1)92¢ 1.2)+7(2,2)92(2,2)
RETURN

Enp
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APPENDIX D

COMPUTER PROGRAM TO CALCULATE
THE S PARAMETERS
OF A LPCBS ARRAY

PROCRAM MOOANT

PROGRAM TO CALCULATE THE S-PARAMETERS OF A LPCBS ARRAY

COMPLEX J{2.2).A(2.2),8(2,2),C(2.2).S11,S21,5111MP S21iMP DEN

COMPLEX 0(2,2) ,E(2,2),6(2,2) . H{2,2) . NS11IMP NS21'MP

REAL F,

LS.GS,GOS . LAMOA 8ETA LL(3O0),LMII0),P1 X{11), YM({1T}

REAL TWOP1,Z0,Y0,EMDIT,S1IM
CHARACTER®S DATA1,0ATA2

COMMON/VARS 1/J,LL
COMMON/VARS2/A
COMMON/VARS3 /D LM, Y™

DATA ENDIT/=1.234/

FORMAT (
FORMAT {

2X, TFREQ' 9%, "S117 15X, "S21° 13X, 'NST1IMP ', 10X, "'NS211mMP . ')

F6.3.8F9.3)

OPEN(UNIT=E FILE='S11S21"' STATUSs'NEW')

WRITE(® @) ' ¢
WRITE(®,®) "FILEMANE FOR NS1T!MP DATA'

READ®,

DATA1

WRITE(® ®) "FILENAME FOR NS211MP DATA'
READ®, DATA2

OPEN{UN

1T=18 ,FILE=QOATAY)

OPEN(UNIT=15 FILESOATA2)

WRITE(S
WRITE(S
WRITE(S
WRITE(6

INETIAL

9
I
,10)

eyt

1ZE VARIABLES

Pimk, SATAN(Y,)

TWOP | 22

Radl

00 100 we1,4.5,0.00%

Fuw®) £
LS=. 018

9
3030

GS=17.806

GOS=811
LAMDA=}

.EB/F

SETA=TWOP | /LAMDA

Z0=30.

YO=1./20

INTRODUCE LINE LENCTNS BETWEEN CAVITIES

(E 2]

LA

V)=,
LL(2)=,
LL(d)e,
LL(B)=,
LL(S)w,
LL(6)=,
W(T)s.
LL(a)s.
LL(9)m,

054388
026675
031511
03459
03798
oA 1587
05585
049888
03483523

LL{10)=.059609




o000 o000 (2] o000 O o000 OO0 Onoo

(s MeN2)

43

50

55

Lel'Y = 069734
“Li12)2.054982

INTRODUCE MODULATED LiNE LENCTHS

00 40 K=1,11,1

LA(K)=.003/(.92%%(K-1))

CONT I NUE

INTRODUCE CHARACTERISTIC RESISTANCE OF MOOWATED SECT!ONS
00 4% K=1,11,1

X(K)=hs7.387139

CONT I NUE

CREATE THE FIRST UNMODULATED LINE MATRIX
CALL LMAT(BETA,!,Z0,Y0)

CREATE THE FIRST MODULATED LINE MATR!X
CALL MMAT(BETA,M X}

MULTIPLY THE FIRST TWO MATRICES TOGETHER

CALL MATMUL(E.J.D)

1STOP=13
CONT I NUE

CREATE CAVITY MATRI(X

CALL CMAT(BETA,LS,GOS,GS)

MULTIPLY ‘END' MATRIX ON RIGHT BY CAVITY MATRIX

CALL MATMA (B,E,A)

MULTIPLY ‘END' MATRIX OM RIGHT BY MODULATED LINE MATRIX
CALL MATMWL (G,B,0)

CREATE NEXT UNMODULATED LINE MATRIX

CALL LMAT({BETA,!,20,Y0}

MULTIPLY "END' MATRIX OM RIGHT 8Y UNMOOULATED L INE MATRIX
CALL MATMA(C.G,J)

'F(1STOP-1)60,60,55
CONT 1 NUE

CREATE WEXT MOOULATED LINE MATRIX

CALL MMAT{BETA M. X)

WATIPLY 'END' MATRIX ON RIGHT 8Y MOOULATED L INE MATRIX
CALL MATMR (£.C,D)

GO TO %0
DEN=(ZO®C(1,1))4C(1,2}+/(Z0%%2.)%C{2,1))+(20°C(2,2))
ST14((ZOOC(1,1))+C(1,2)~((20%%2.)%C(2,1))~(Z0%C(2,2)))/0EN

$21=(2.%20)/0€EN
ST1UIMP=ZA®( 1, +811)/(1.-511)
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00

100
535

NST1 MP=§1Y.MP 20

S21 1 MP=Z0 Y *82Y) /(" -527)
NS21:1MPaS21 1M /20
S11M=CABS(S1')

WRITE(6.11)W,511,S27 NS11IMP NS21IMP ST11M
WRITE(14,5%%) REAL(NS1TIMZ), " ", AIMAG(NS1)iMP)
WRITE([1%,9%%) REAL(NS21IMP) ', ', AIMAG(NS21IMP}

CONTINUE
FORMAT(F10.4,A3,F10.4)
WRITE(14,559) ENOIT,', ', ENDIT
WRITE(15,35%) ENODIT,', ' ENOIT
£n

SUBROUTINE LMAT(BETA,1,Z0,Y0)

COMPLEX J(2,2)
REAL LL(30)

COMMON/VARS1/J,LL
PHASEDESBETASLL( 1)®(2.106%°.5)
JU1,1)=CHPLX(COS { PHASEDE) ,0.)
JU1,2)»CHPLX (0. ,Z0%S 1 N(PHASEDE) )
J(2,1)=CHMPLX(0. ,YO*S | N{PHASEDE ) )
J(2,2)=CHMPLX(COS(PHASEDE)} ,0.)
[EIR3)

RETURN

€0

SUBROUT INE MMAT(BETA .M X}

COMPLEX 0(2,2)
REAL LM{30),X(11),YM(11)

COMMON/VARS /D LN, YH
FASEDESETATLM(M) (2. 146 .3)
YM{M)= 1. /X{M)
O{1,1)=CHPLX(COS({FASEDE) ,0.)
D(1,2)=CHPLX(0. ,X(M)*S1%(FASEDE) )
D(2,1)=CHPLX[0. ,YM{M)®S IM(FASEDE))
0(2,2)sCHPLX(COS(FASEDE) 0.}

SUBROUT I NE CMAT(BETA,LS,G0S,GS)

COMPLEX A(2.,2),YCAY
REAL LS,BETA,COS,G3

COMMON /VARSZ/ A

BETADE=GETANLS

BSTUB==(GOS®Y . E-3) /TAN{BETADE)
YCAVSCHPLX (GS®1 E-3 ,83TUE"
A(Y, 1) =CaPLX(1.,0.)

A(1,2)=1_ /YTAV
A(2,))=CHPAX{0..,0.)
Al2.2)=CoWLX(1.,0.}

LS=.8/0.92

RETURN
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SUBRQUT INE MATMUL{X,Y,Z)
SUBROUT INE RETURNS x=YZ
COMPLEX X(2,2),Y{2,2).2(2.2)

X{1,1)aY(1,1)8Z(1,1)ev(1,2}92(2,)
X{1,2)mY(1,1)%2(1,2)*v(1,2)%2(2,2)
X(2,1)mY(2,.119Z(1,1)+v(2,2)°2(2, 1)
X(2,2)=Y{2,1)°2(1,2)+Y(2,2)*2(2,2}
RETURN

END
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APPENDIX E

COMPLETE ELEVATION PATTERNS OF 11 CAVITY ANTENNA ARRAY
BY FREQUENCY AS MEASURED IN ANECHOIL. CHAMBER
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